Background: Despite limited information on neonatal safety, the transfer of frozen-thawed cleavage-stage embryos with blastomere loss is common in women undergoing in vitro fertilization. We aimed to evaluate the pregnancy outcomes and safety of frozen-thawed cleavage-stage embryos with blastomere loss. Methods: This prospective, multicenter, cohort study included all frozen-thawed cleavage-stage embryo transfer (FET) cycles between 2002 and 2012. Pregnancy outcomes and subsequent neonatal outcomes were compared between FET cycles with intact embryos and those with blastomere loss. Results: A total of 12,105 FET cycles were included in the analysis (2259 cycles in the blastomere loss group and 9846 cycles in the intact embryo group). The blastomere loss group showed significantly poorer outcomes with respect to implantation, pregnancy, and live birth rates than the intact embryo group. However, following embryo implantation, the two groups were similar with respect to live birth rates per clinical pregnancy. Among multiple pregnancies (4229 neonates), neonates from the blastomere loss group were at an increased risk of being small for gestational age (aOR = 1.50, 95% CI 1.00-2.25) compared to those from the intact group. A similar trend was observed among singletons (aOR = 1.84, 95% CI 0.99-3.37). No associations were found between blastomere loss and the subsequent occurrence of congenital anomalies or neonatal mortality. However, neonates from the blastomere loss group were at an increased risk of transient tachypnea of the newborn (aOR = 5.21,. Conclusions: The transfer of embryos with blastomere loss is associated with reduced conception rates. Once the damaged embryos have implanted, pregnancies appear to have the same probability of progressing to live birth but with an increased risk of small for gestational age neonates and transient tachypnea of the newborn.
Background
Embryo cryopreservation with subsequent frozen-thawed embryo transfer (FET) has been increasingly used in assisted reproductive technology since it was first reported in 1984 [1] . The benefits of FET include improved cumulative pregnancy rates, a reduced risk of adverse outcomes related to multiple gestations, and a lower incidence of ovarian hyperstimulation syndrome [2, 3] . As FET has become an essential part of assisted reproductive technology, the number of FET cycles has increased over the last decade [4, 5] . However, concerns have been raised regarding the safety of FET, particularly in terms of pregnancy and perinatal outcomes.
Blastomere loss among cryopreserved embryos is a common phenomenon following the cryopreservation and thawing process with the alterations in osmotic pressure. Findings are conflicting regarding perinatal outcomes following transfer cycles of cleavage-stage embryos with blastomere loss. Several studies have revealed that the transfer of embryos with blastomere loss results in implantation rates that are comparable to those following the transfer of embryos with intact blastomeres [6] [7] [8] . However, other studies have reported that blastomere loss might be associated with a reduction in the implantation rate, impaired in vitro development after thawing and impaired embryo survival following embryo transfer [9] [10] [11] [12] [13] . Although embryos with blastomere loss can be transferred and can implant and subsequently develop, the safety for the offspring is a concern for researchers and clinicians.
To address this knowledge gap, we conducted a multicenter cohort study aiming to assess the impact of the transfer of embryos with blastomere loss relative to that of intact embryos on pregnancy outcomes following FET, including safety outcomes for newborn infants.
Methods

Study design and participants
This prospective cohort study included all infertile women undergoing FET between 2002 and 2012 in five centers in China. To investigate the impact of blastomere loss on pregnancy outcomes and safety for neonates, only cases with embryos that were cryopreserved at the cleavage-stage were included in this study. Mixed transfers in which intact embryos and embryos with blastomere loss were transferred together were excluded. Furthermore, patients who received donated oocytes or sperm or who underwent preimplantation genetic diagnosis (PGD) or preimplantation genetic screening due to an increased risk of inherited diseases were also excluded. Women with blastocyst transfers in FET cycles were beyond the scope of this study.
Institutional Review Board approval for the study was obtained to conduct the research in the participating centers, including International Peace Maternity and Child Health Hospital, Women's Hospital of Zhejiang University, Qingdao Women and Children's Hospital, Jiangxi Maternal and Child Health Hospital, and Jiaxing Maternity and Child Health Care Hospital. Written informed consent forms were obtained from all participants before inclusion. The reporting of this study conforms to the STROBE statement.
Procedures
The process of in vitro fertilization (IVF) was conducted per routine methods including ovarian stimulation, oocyte retrieval, and insemination by either conventional IVF or intracytoplasmic sperm injection. Embryo cryopreservation was performed by slow freezing or vitrification, as previously described [14, 15] , due to either (1) a maternal condition that was unsuitable for fresh embryo transfer, such as a high estrogen level, ovarian hyperstimulation syndrome, or a desynchronized endometrium or (2) when embryos had been harvested in a previous, unsuccessful IVF cycle. Before embryo thawing, the endometrium was prepared by natural monitoring, an ovarian stimulation cycle, or hormone replacement therapy, with estrogen based on clinical indications [16] . After excluding cases in which transfers were performed with mixed embryos (including both intact embryos and embryos with blastomere loss), transfers were dichotomized as transfer with embryos having lost at least one blastomere (blastomere loss group) or transfer with intact embryos (intact embryo group). Generally, embryos losing more than 50% of their original blastomere are not suitable for transfer, so embryos transferred in this study had at least 50% of their blastomeres [17] .
Sociodemographic characteristics, reproductive history, and the smoking status of the women and their partners were documented using a questionnaire that was administered by clinical personnel.
Pregnancy outcome measures following FET were assessed at follow-up visits at study medical centers. Ultrasound scans and the serum β-hCG level were part of the routine clinical care. The results of all clinically indicated scans were reported, and paper copies were filed in both hospital case records and the participant's hand-held notes.
Pregnancy outcomes following all FET cycles were assessed and included the implantation rate, chemical pregnancy rate, clinical pregnancy rate, ongoing pregnancy rate, live birth rate per transfer cycle, and live birth per clinical pregnancy. The implantation rate was defined as the number of gestational sacs measured by ultrasound relative to the number of embryos transferred in the transfer cycle. The chemical pregnancy rate was defined as the proportion of women with a serum β-hCG of more than 10 mIU/mL following FET. Clinical pregnancy was defined as a pregnancy documented by ultrasound at 6-8 gestational weeks that showed a gestational sac inside the uterus, and the clinical pregnancy rate was calculated using the number of clinical pregnancies divided by the number of FET cycles. Ongoing pregnancy was defined as a pregnancy documented by ultrasound at 12 gestational weeks that showed the presence of a fetal heartbeat. The ongoing pregnancy rate was calculated using the number of ongoing pregnancies divided by the number of FET cycles. A live birth was defined as the delivery of one or more infants with any signs of life after 28 weeks of gestation, and the live birth rate was calculated on the basis of the number of FET cycles and clinical pregnancies. Furthermore, adverse outcomes including early miscarriage before 12 gestational weeks, stillbirth, ectopic pregnancy, and pregnancy termination due to fetal defects were also recorded.
Maternal pregnancy complications were collected to evaluate the effects of blastomere loss on obstetric and neonatal outcomes. The pregnancy complication variables documented included gestational diabetes, hypertensive disorders during pregnancy, intrahepatic cholestasis of pregnancy, preterm delivery, and mode of delivery.
The neonatal outcome assessments included birthweight for gestational age, Apgar score at 1 and 5 min, neonatal respiratory disorders, congenital anomalies, and neonatal mortality. Details were abstracted from hospital records within 1 month of delivery. Small for gestational age (SGA) was defined as a birthweight below the 10th percentile for the gestational age, and large for gestational age was defined as a birthweight over the 90th percentile [18] . Preterm birth was defined as birth prior to 37 weeks of gestation. Neonatal respiratory disorders, including transient tachypnea of the newborn (TTN) and neonatal respiratory distress syndrome (RDS), were abstracted from hospital records. A congenital anomaly was defined as a deformity and/or developmental abnormality of any organ or system. Neonatal mortality was defined as infant death during the first 28 days of life.
Statistical analysis
Continuous variables are expressed as the means ± standard deviation, and the differences in the continuous variables between groups were tested with the t test or Mann-Whitney U test. Categorical variables are represented as frequencies with proportions, and differences were detected with the Pearson χ 2 test or Fisher's exact test, as appropriate.
Neonatal outcomes following FET were stratified according to singleton or multiple deliveries. To study the associations between blastomere loss and adverse neonatal outcomes, odds ratios (ORs) were calculated for each outcome using logistic regression. To analyze the neonatal outcomes of singletons, multivariable logistic regression was used, and ORs and 95% confidence intervals (CIs) were adjusted for the potential confounding factors including the type of embryo cryopreservation, gestational diabetes mellitus, hypertensive disorder, paternal smoking during pregnancy, number of previous abortions, primary infertility, preterm delivery, and mode of delivery. When we analyzed the neonatal outcomes of multiples, odds ratios (ORs) and 95% confidence intervals (CIs) were obtained using multilevel logistic regression and adjusted for the same confounding factors as for singletons, according to Carlin et al. [19] .
All statistical analyses were performed using the SAS software, version 9.3 (SAS Institute, Inc., Cary, NC, USA). All p values were calculated using two-sided tests, and differences were considered significant if the p value was less than 0.05. Figure 1 outlines the flow of the study participants. A total of 32,550 FET cycles were identified at five medical centers from 2002 to 2012. Mixed transfer cycles, blastocyst transfer cycles, patients who received donated oocytes or sperm, and patients who underwent PGD due to inherited diseases were excluded. In total, 12,358 transfer cycles met the inclusion criteria. After excluding 253 transfer cycles that were lost to follow-up or in patients who refused to participate, a total of 12,105 transfer cycles were included in the analysis (9846 transfer cycles in the intact embryo group and 2259 transfer cycles in the blastomere loss group), with a follow-up rate of 98.0%. Women with live born newborns were included in the neonatal outcomes analysis. The ratio of singletons to multiples was 1.40 (2187 to 1559 neonates) in the intact embryo group and 2.20 (332 to 151 neonates) in the blastomere loss group.
Results
The maternal age at oocyte retrieval, maternal body mass index, proportion of multiparity, duration of infertility, and distribution of the causes of infertility were comparable between groups (Table 1) . Differences in the age in days at embryo transfer and the type of FET cycle were small and unlikely to be clinically significant (Table 1) . Embryo cryopreservation by slow freezing was more frequent in the blastomere loss group than in the intact embryo group. Table 2 shows the pregnancy outcomes per transfer cycle for the two study groups. The implantation rate was significantly higher in the intact embryo group than in the blastomere loss group (21.8% vs. 12.7%, p < 0.001). Additionally, the intact embryo group showed higher rates of chemical pregnancies (42.0% vs. 25.5%, p < 0.001), clinical pregnancies (36.7% vs. 21.9%, p < 0.001), ongoing pregnancies (31.6% vs. 18.7%, p < 0.001), and live births (30.1% vs. 18.0%, p < 0.001) per transfer cycle than the blastomere loss group. However, the live birth rate per clinical pregnancy showed no significant difference between the two groups (82.1% vs. 81.6%, p = 0.791). The blastomere loss group was similar to the intact embryo group with respect to the ectopic pregnancy rate (1.0% vs. 0.8%, p = 0.424), early pregnancy loss rate (13.9% vs. 15.2%, p = 0.415), stillbirth rate (0.4% vs. 0.4%, p = 0.703), and pregnancy termination rate due to the fetal defects (0.3% vs. 0.4%, p = 0.666). Similar findings were observed in the stratified analysis performed according to the number of embryos transferred and the type of cryopreservation (shown in Additional files 1 and 2). Furthermore, the stratified analysis performed according to the number of embryos transferred showed a lower clinical pregnancy rate and live birth rate per transfer cycle in the blastomere loss group. However, similar live birth rates per clinical pregnancy were observed between the two groups (Additional files 3 and 4). Table 3 reports the association between the percentage of blastomere loss and the pregnancy outcomes following single FET. The chemical pregnancy rate (p for trend = 0.011), clinical pregnancy rate (p for trend = 0.011), ongoing pregnancy rate (p for trend = 0.032), and live birth rate (p for trend = 0.020) decreased progressively in relation to the percentage of blastomere loss. Interestingly, where blastomere loss was less than 25%, no significant differences were evident between Fig. 1 Study flow chart. A Mixed transfer cycle was defined as transferring more than one embryo with the transfer comprising an intact embryo and an embryo with blastomere loss. B PGD preimplantation genetic diagnosis. C Early miscarriage was defined as spontaneous loss of pregnancy before 12 gestational weeks. D Late miscarriage was defined as pregnancy loss between 12 and 28 gestational weeks intact embryos and embryos with blastomere loss in terms of the chemical pregnancy rate, clinical pregnancy rate, ongoing pregnancy rate, or live birth rate per transfer cycle. Table 4 presents the maternal demographic characteristics, reproductive history, and pregnancy complications according to study group. There was no statistical evidence of a difference in pregnancy complications between the groups in terms of hypertensive disorders, intrahepatic cholestasis of pregnancy, and preterm delivery. Cesarean section was less likely in the intact embryo group (84.6% vs. 89.8%, p = 0.005), but no difference in the delivery method was found between the groups for multiple deliveries (97.9% vs. 96.0%, p = 0.231, data not shown in the table).
A multivariable analysis of neonatal outcomes stratified according to multiplicity (singleton and multiple deliveries) is shown in Table 5 . The sexes of the neonates were similar between groups. There was no evidence of differences between the study group in terms of low birthweight (singletons: adjusted OR (aOR) = 1.42, 95% CI 0.76-2.66; multiple births: aOR = 1.07, 95% CI 0.71-1.61) or macrosomia (singletons: aOR = 1.08, 95% CI 0.72-1.62; no macrosomia in multiple births). However, among multiple births, neonates born from embryos with blastomere loss showed a trend toward an increased risk of SGA birth (aOR = 1.50, 95% CI 1.00-2.25). For singletons, a similar trend was observed (aOR = 1.84, 95% CI 0.99-3.37). Multiple births did not change the risk of large for gestational age (singletons: aOR = 0.80, 95% CI 0.57-1.13; multiple births: aOR = 0.44, 95% CI 0.10-1.90). Neonates born from embryos with blastomere loss had a significantly increased risk of TTN compared with those born from intact embryos (singletons: aOR = 6.27, 95% CI 1.86-21.14; multiple births: aOR = 5.21, 95% CI 1.90-14.27); however, 
Discussion
In this cohort study of 12,105 frozen cleavage-stage embryo transfer cycles, we found that embryo transfer with damaged embryos was associated with lower rates of implantation, clinical pregnancy, ongoing pregnancy, and live birth compared with intact embryo transfer. However, clinical pregnancies conceived from embryos with blastomere loss had a similar probability of progressing to live birth as those conceived from intact embryos. We also found that newborns resulting from the implantation of embryos with blastomere loss only had an increased risk of SGA in multiple pregnancies, along with an increased risk of TTN, but did not have an increased risk of other adverse neonatal outcomes compared with newborns resulting from the implantation of intact embryos. The number of embryos transferred appears to have been influenced by the quality of the embryo when thawing, as more embryos were transferred in the blastomere loss group. However, increasing the embryo number did not fully compensate for the effect of blastomere loss. In accordance with some previous studies [17, 20, 21] , blastomere loss could impair embryonic developmental potential and reduce the pregnancy rate independently of the number of embryos transferred. Our study provides more robust results with a follow-up rate of almost 98% and a large sample size. Blastomere loss is thought to be due to the blastomere lysis induced by ice crystals and exposure to the hyperosmotic environment [22] . Apart from the loss of genetic materials and disruption of cell-to-cell communication, necrotic blastomeres in the process of cryopreservation may induce a possible toxic effect on the remaining blastomeres and lead to lower viability [23] . Vitrification is commonly regarded to Ongoing pregnancy was defined as a pregnancy documented by ultrasound at 12 gestational weeks that showed the presence of fetal heartbeat. Ongoing pregnancy rate was defined as the number of ongoing pregnancies divided by the number of embryo transfer cycles for each group e Live birth was defined as the delivery of one or more infants with any signs of life after 28 gestational weeks. Live birth rate (% per embryo transfer cycle) was defined as the number of live birth divided by the number of embryo transfer cycle for each group f Live birth rate (% per clinical pregnancy) was defined as the number of live birth divided by the number of clinical pregnancy for each group g Of the 11 patients who terminated the pregnancy in the intact embryo group, three were diagnosed as chromosome anomalies, two were never system development disorder, two were multiple malformation, the rest were congenital heart disease, umbilical hernia, bilateral renal agenesis, and achondroplasia. Both patients in the blastomere loss group terminated pregnancy due to limb deformity be superior to slow freezing in improving embryo quality and the post-warming survival rate of cleavage-stage embryos [24] [25] [26] . Consistent with other studies, we observed that vitrified embryos (92.6%; 5860/6326) were more likely to be intact than slow-frozen embryos (69.0%; 3986/5779). Since intact embryos have higher pregnancy rates and lower risks for SGA and TTN, these findings support the use of vitrification as opposed to slow-freezing methods in embryo cryopreservation. Although individual blastomeres seem to be totipotent, an embryo with less than half of the initial number of blastomeres after cryopreservation is generally considered to be unsuitable for transfer [17] . However, the intensity of embryo damage that an embryo can survive is undefined. Accordingly, we analyzed the association between pregnancy outcome and the proportion of blastomere loss in single embryo transfer cycles (Table 3 ). Our data suggest that embryo competency is not adversely affected unless there is more than 25% blastomere loss. This finding is partially consistent with that of a previous study that advocated elective single embryo transfer even when an embryo had less than 25% blastomere loss [7] . Moreover, as shown in Additional file 3, the clinical pregnancy rate in the blastomere loss group gradually increased from 13.4% to 27.6% as the number of embryos transferred increased, which could partially compensate for blastomere loss. Although elective single embryo transfer has been advocated to avoid subsequent multiple pregnancy over the last few years, our findings demonstrated that the multiple pregnancy rate in the blastomere loss group was only 3.9% (75/1936) when transferring more than one embryo, which was lower than the 8.5% observed in the intact embryo group (768/9043). Our results support the policy of the single intact embryo transfer, not only to improve the pregnancy rate, but also to prevent medically induced multiple pregnancy from transferring more than one embryo with blastomere loss. Transferring more than one embryo can help to compensate for the effect of blastomere loss. However, attention must be paid to the risk of SGA and TTN in these patients. Preterm was defined as delivery prior to 37 gestational weeks, and very preterm was defined as delivery between 28 and 32 gestational weeks Table 5 Outcomes of neonates born after transferring embryo with or without blastomere loss, according to multiplicity Of the 8 singletons who had congenital anomaly, 2 in the intact embryo group had congenital heart diseases, 2 in the intact embryo group had congenital preauricular fistula, and another 2 in the intact embryo group had congenital anal atresia and hypospadias. Two singletons in the blastomere loss group had hypospadias and cheilopalatognathus. Of the 14 multiples neonates, 7 in the intact embryo group had congenital heart diseases, 2 in the intact embryo group had congenital anal atresia, 2 in the intact embryo group had multiple anomalies, the rest in the intact embryo group had spina bifida, polydactyly, and tracheobronchial malacia, respectively. One multiples neonate in the blastomere loss group had congenital heart disease c Of the 3 neonatal deaths of singletons, 2 in the intact embryo group died due to respiratory distress and cerebral palsy, 1 in the blastomere loss group died due to neonatal encephalopathy. Of the 6 neonatal deaths of multiples neonates in the intact embryo group, 3 neonates died due to neonatal encephalopathy, another 3 each died due to tetralogy of Fallot, congenital anal atresia, and cerebral palsy Plausibly, blastomere loss has a negative effect on embryo development potential and decreases the implantation rate. Some important processes, including embryonic genome activation, genomic imprint maintenance, and methylation reprogramming of non-imprinted genes, occur in the preimplantation stage [27, 28] . The reduction in viable embryonic material and disruption of cell-to-cell communication might play a role [27] . However, our study demonstrates that blastomere loss does not result in an increased miscarriage rate among clinical pregnancies. This finding is consistent with the results of a previous retrospective study reporting that there is no relationship between embryo quality and the abortion rate [29] .
Our study addresses the long-term safety of blastomere loss in terms of neonatal outcome, a topic which has not been previously addressed. Several outcome measures, including birth weight for gestational age, RDS, Apgar score, congenital anomalies, and neonatal mortality, were similar between both groups. The increased rate of cesarean section in the blastomere loss group may partially explain the association between blastomere loss and TTN. Our observation of similar frequencies of adverse outcomes among blastomere loss and intact embryo neonates validates the value and safety of transferring an embryo with blastomere loss.
PGD or preimplantation genetic screening are typically performed with a highly invasive biopsy procedure that involves aspirating one or two blastomeres from day 3 post-fertilization embryos, at the 6-8 cell stage. A previous study showed that the biopsy did not cause intra-uterine growth restriction or low birth weight compared with spontaneous pregnancy [30] . The present results (Table 3) reveal that embryos may not be vulnerable when blastomere loss is less than 25%, as the clinical pregnancy rate and live birth rate are not affected, thus further strengthening the safety of blastomere biopsy. However, whether spontaneous blastomere loss is comparable to cell loss by PGD in terms of its effect on embryo development remains uncertain.
In the present study, we observed a trend toward an association between blastomere loss and SGA in multiples. A similar trend was observed in singletons. A possible explanation for the increased risk of SGA may that blastomere loss may result in impaired placental implantation or function. However, a limitation of the study is that placental weight was not documented. Major congenital anomalies and neonatal mortality were not found to be associated with blastomere loss, which suggests the relative safety of embryos with blastomere loss. This risk raises some concerns that need to be addressed in future studies of embryo transfer with larger sample sizes and that take into consideration placental characteristics. This is the first multicenter cohort with a large sample size to quantify the adverse outcomes of neonates born from embryos with blastomere loss compared with those born from intact embryos. The findings of the present study provide valuable information to obstetricians and pediatricians managing pregnancies and newborns derived from embryos with blastomere loss. As a multicenter cohort design, selection bias was minimized. The large sample size helped to achieve sufficient power to assess the clinical efficiency of embryo transfer with damaged embryos, as well as the risk of adverse neonatal outcomes.
However, the study still has some limitations. Due to the low incidence of some outcomes including congenital anomalies and neonatal mortality, these variables have wide CIs. Furthermore, we only followed up the major birth defects for 1 month after delivery and recorded the malformations in general appearance, the cardiovascular system, or the central nervous system, which could be detected by ultrasonography. Some cases of occult congenital heart disease, as well as undetected cases with chromosomal disorders, molecular diseases, and metabolic diseases that were not diagnosed within the first month of life, may have existed. Loss to follow-up was attributed to changes in domicile and was an unlikely source of bias. We did not collect information on the long-term follow-up of growth and development.
